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SUMMARY

An investigation was made to determine the effects of a propeller
slipstream on the lift obtainable and the flow requirements for suction
applied to the porous area of a trailing-edge flap on a model of a twin-
engine airplane hating a high-aspect-ratio, thick, straight wing.

The lift increment produced by the propeller slipstream increased
approximately in proportion to the slipstream velocity. The propeller
slipstream had no effect on the suction flow requirements, but the ‘suc-
tion pressures required increased with thrust coefficient approximately
in proportion to the slipstream velocity.

Comparisons with the results of tests on the same model but having
a combination slot suction and blowing boundary-layer-control system
(Arado) on the trailing-edge flaps and ailerons indicated considerably
lower suction flow requirements for the area-suction flaps.

INTRODUCTION

The development of power plants hating high ratios of power to “
weight has made possible the reduction or elimination of the distance
required for take-off and landing by employing the power plant to gener-
ate lift. In one system large flaps are immersed in a propeller slip-
stream. This system was investigatedin reference 1 on a mcdel of a
twin-engine propeller-driven airplane tith trailing-edge flaps. The
effectiveness of the flaps was improved by ap_@ication of boun~-layer
control through a conibinationslot suction and blowing system (Arado).

Improved flap effectiveness also csn be achieved by preventing

A separation of the boundary layer with suction distributed through a
porous area along the flap leading edge. It has been shown (ref. 2)
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.
that the power requirements for such applications are low. The purpxse
of the present investigationwas to determine the effectiveness of the
latter type boundary-layer-control system when operated in a prope~er
slipstream and to compare the flow requirements of the two systems
(Arado and area suction).

For this investigation, the model of reference 1 was modified to
incorporate area suction on the flaps and ailerons. The lift and suction
power requirements were measured for various flap and aileron deflections
throughout a range of propeller thrust coefficients. To obtain a basis.
for evaluating the effects of the propeld.erslipstream, tests were also
made of the model with the propellers smd nacelles removed. The tests
were made in the Ames 40- by &)-foot wind tunnel.
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span, ft

chord, measured _paraU.elto plane of symmetry, ft
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/’lC
section normal-force coefficient ~ Pdxcosa
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drag coefficient, ~

m

drag plus thrust coefficient, ~ + Tc’

lift
lift coefficient, —Q
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axis,
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side-force coefficient,
side force

%3

fluw coefficient, &

propeller diameter, ft

maximmn thickness of propeller blade section, in.

tail incidence, deg

Vm
propeller advmce ratio, ~

propeller rotational speed,

static pressure, lb/sq ft

rps

P - Ym
pressure coefficient, —

%3

-C pressure, lb/sq ft

volume of air removed through porous surface, based on standard
density, cu ft/sec

chordvise extent of porous surface measumd along surface, ft

wing area, sq ft

wing area spanned by flaps or ailerons, sq ft

thrust
thrust coefficient, —

%$

suction air velocity, fps

velocity, fps

propeller blade width, in.

distsace along the wing chord from the lesding edge, parallel to
the plane of symmetry, ft

spanwise distance measured perpendicular from fuselage center
line, ft
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a sql.e of attack

B propeller blade

6 movable surface
line, deg

of fuselage center Line, deg

angle at 0.75 blade radius, deg

deflection measured in plane normal to hinge

AP ~ressure drop across porous material, lb/sq ft

Subscripts

a

d

e

f

L

tin

R

R

u

m

aileron

duct

external

flap

left

A

.

.—

minhn.lm
.

right

slipstream

uncorrected for tunnel-wall effects or strut interference

free-stream conditions

MODEL AND AFPAFMTUS

The model is shown In figure l(a) and represents a twin-engine
propeller-driven airplane having a high-aspect-ratio (A = 10), thick
(t/c = O.17), straight wing. The wing was twisted 4.8° between root and
tip sections with the root section at 8.3° incidence with respect to the
fuselage center line. For some of the tests, the nacelles smd propellers
on the model were removed. The model thus tested is shown in figure l(b)
The geometric dimensions and areas of the model are given in figure 2 and
table I. Flush orifices were installed in the left wing for measuring
external surface pressures. A simulated leading-edge flap was used on
the model for some of the tests. When installed, the flap extended along 4

the full spsm of the wing except in the regions occupied by the fuselage
and by the nacelles. The flap was a chord-extension t~ and thus
increased the wing area by approximately 8 percent.

f
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The model tested was that used for the tests reported in reference 1
modified to incorporate area-suction flaps. Also, for the present tests,
the length of the fuselage was increased 8.19 inches ahead of the 0.255
and 16.35 inches aft of the 0.25E.

Flaps and Ailerons

The slotted-type trailing-edge flaps and afierons on the wing were
hinged at the 0.75 wing-chord station and the upper surface over the
hinge line was constructed of a ~rous material.. Details of the flaps
and ailerons are shown in figure 3. To simulate a plain flap, the flap
slot was closed for some of the tests by extending the wing upper-surface
skin until it met the flap.

The permeable material used in the porous area was a composite
arrangement of a fibrous-glass mat (ref. 3) sandwiched between two perfo-
rated steel sheets having 0.125-inch-dismeter perforations staggered on
0.187-inch centers (33 holes per sq in., approximately M-percent open

n area). The outer perforated sheet fozmd the surface of the flap. This
type of ~rous materisl arrangement, described in more detail in refer-
ence 4, was of uniform porosity throughout. The air-flow resistance of

. the porous mterial is given in figure 4. Various extents of poruus
area were obtained by closing portions of the porous surface with a
nonporous tape.

The suction pressure required to induce flow through the porous
material was provided by a centrifugal compressor driven by a variable-
speed electric motor located in the fuselage. Air was dram through
the porous material into ducts in the flaps and ailerons and then through
ducting from each end of the flaps sad ailerons into a ducting system in
the wing to a plenum chamber and the compressor in the fuselage. The
exhaust air from the compressor was dischargd. into the fuselage from
which it entered the tunnel air stream through a slot (approximately
2.5 sq ft) h the afterportion of the bottom of the fuselage. The forces
exerted on the model by this exhaust air were negligible. The ducting
in the flaps and ailerons was large enough to reduce the dynamic pressure
of the induced air to sufficiently low values to insure uniform internsl
static pressure across the span of the flaps or ailerons. Flush orifices
were used to measure the internal static pressures in the ducts.

The flow quantity was controlled by vslves in the ducts and by the
compressor speed.

The propellers

Propellers

were made from four-bladed Aeroprodncts propellers
(hub designation A-542-B1, blade designation E20-156-23M5) modified by



6 NACA TN 4365

cutting off the tips (no tip plan-form rounding) to give a propeller
diameter of 6.75 feet. The geometric blade characteristicsof the modi-
fied propellers are shown in figure 5. The blade angle at 0.75 blade
radius was set at 29.5°. This blade angle was chosen to allow the pro-
pe~ers to absorb the maximum power output of the drive motors at the
maximum propeller rotational speed determined from considerations of
propeller strength. Both propellers were rotated in a clockwise
direction (viewed from the rear).

.

—
.

—

Each propeller was driven through a gearbox by a variable-speed
electric motor. The gearbox and motor were housed in the engine nacelles
shown in figure l(a).

TEST METHODS

In most tests the angle of attack was varied while the tunnel speed,
the suction flow quantity, and the propeller rpm were held constant. For
some configurations, the critical suction flow requirements1 for the flaps
and ailerons were determined by varying the flow quantity while the angle \
of attack, the tunnel speed, snd propeller thrust were held constant.

The tests were made at free-stream velocities from 72 tO 93 feet per .

second (~ from 6 to 10 lb/sq ft), corresponding to Reynolds nunibers
of 2.0 to 2.6 million based on the mean aerodynamic chord of the model
of 4.73 feet.

Thrust Calibration

A calibrationwas made to determine the propeller thrust for a given
condition of tunnel free-stresm velocity and propeller rotational speed.
The calibrationwas made with the model with flaps and ailerons unreflected
and with the model at the angle of attack for zero lift. Measurements
were made of the drag force for various values of propeller rotational.
speed and tunnel dynsmic pressure. The gross yropel.1.erthrust (with slip-
stream effect neglected) was assumed to be the difference between the
measured drag force with propeller operating.smdwith propeller removed.
The propeller thrust thus determined was converted to a dimensionless
coefficient by mesms of the relationship Tc’ = thrust/Q#. The propeller
rotational s~ed was converted to the usual.dimensionless form of

4
propeller advance ratio, J = V nD. The variation of Tc’ with J is

shown in figure 6 (for the 29.5 blade used in the tests) and for the

%he criticsl suction flow coefficient, CQcrit, is defined as in
reference 2 as the flow coefficient above which only smsll gains in lift
are obtained for large increases in flow coefficient.
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purposes of this report was assumed to be independent of the angle of
fluw into the propeller as affected by angle of attack, wing lift, snd

. flap deflection. In the tests, propeller rotational speed and tunnel
dynamic pressure were set to give the value of J required (fig. 6) to
obtain the desired thrust coefficient Tc’.

The force data presented in the figures include the direct propeller
thrust and nomnsl forces as well as the aerodynamic forces, except that
the thrust coefficient TC1 has been added to the measured drag force
for all test conditions with propellers operating (Tc’ cos a was assumed
equ~ to TCt).

Flow Qus31tity

The suction flow quantities were detemined independently for each
flap and aileron by thin plate orifices, and by total and static pressure
tubes in the ducts. A standard ASME orifice meter (ref. 5) was used to
calibrate this flow measuring instrumentation. The flow q.usmtitywas

—=. regulated by valves in the ducts which were adjusted to give equal flow
quantities from each flap and aileron.

CORRECTIONS

Corrections for the influence of the tunnel wall were applied to the
data as follows:

a=~+O.41CL

~ = ~ + 0.0147 ~ (tail on only)

where the subscript u denotes uncorrected values. No corrections were
made for strut tares or strut interference.

ACCURACY OF DATA

Low free-stream tunnel @sdc pressures were used in order to obtain
high thrust coefficients without exceeding the Umlt.ations of the power
available from the prope~er drive motors; this affected the accuracy of*
the test data. An estimte of the accuracy of the data is given in the
following table. The values given are the maximum deviation fram an

. average and can be attributed primarily to fluctuations of the wind-
tunnel balance system resulting from unsteady air loads, and to the error
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in setting and maintaining a given frequency input to the propellers and
.

hence propeller rpm and thrust. These values were determined at an angle
of attack of the model below that for %. The table also gives values .
of the least reading on the scales. These ‘valuesare the minimum forces
(converted to coefficients for q . 6 lb/sqft) which canbe read on the
scales without interpolation.

Coefficient ~ Least reading
deviation on scales

k 0.03 0.01

CD ●03 .002

m’ .05

% ● 07 ● 049

C!y .02 .002

Cn .003 .0005

cl .01 ● 002

cQ ● 0001 .0001
Tct .05 .001

RESULTS AND DISCUSSION

Aerodynamic Characteristics

The basic longitudinal aerodynamic characteristicsof the model for
various flap deflections with and-without suction are presented in fig-
ures 7(a) to 7(k) with nacelles and propellers on, and in figures 8(a)
to 8(e) with propellers and nacelles removed. Data are also presented in
these figures for symmetricallydeflected ailerons in combinationwith
the deflected flaps. The data in figure 7 are for various values of
propeller thrust coefficient (held constant while the angle of attack was
varied). The porous area on the flaps ad ailerons for the data in fig-
ures 7 and 8 was located as shown in the following table:

bf or ba, Forward edge of Aft edge of
deg porous areal prous areal

30,L.0,60 o 3.0

70 -2.2 3.0

%ercent chord measured along surface of flap
or aileron from reference point shown in

a

P
figure 3.
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These porous openings are equal to or greater than the opening required
to obtain mximum lift at a given angle of attack with minimum suction
qusmtity.

The data in figures 7’and 8 for C% = O were obt~ned fith the

valves closed in the suction ducts to the ailerons. Data for both
(l& =Osnd C~= O are with the suction pump not operating. For the
data with suction on, the suction quantity was maintained at a value
above ~QCrit●

Lift due to flap deflection.- The increment of lift (above the plain-
wing value) resulting from flap deflection is shown in figure 9(a) for the
model with nacelles off> and in fi~e 9(b) with nace~es on and the
propellers operating at zero thrust. The vslues shown are for sn angle
of attack of zero but are nearly constsmt up to msximun lift. The data
with nacelles on were obtained by an extrapolation to zero thrust of the
data in figure 7 (replotted as ~ vs. TC1). A lift increment for a flap
deflection of 600 with nacelles on and propellers remved included h
figure g(b) shows close agreement with the propeller-on data extrapolated
to zero thrust. Comparison of the data in figures g(a) and 9(b) shows
that the addition of the nacelles with the propellers operating at zero
thrust did not appreciably affect the lift increment due to flap deflection.

A flap lift increment computed by the method of reference 6 assting
linear flap effectiveness2 is compared with the e~rimentally measured
values in figure 9. The experimental data in the figure are for the
mcdel with tail on whereas the computed vslues are for wing alone with
the assumption the flap does not extend across the fuselage. It is

assumed that the lift carried by the tail does not affect the lift
increment due to flap deflection.

The lift increments developed by the flaps were considerably below
the values predictedby the theory. The application of suction to the
flaps greatly increased the flap lift increments; however, the values
were only 75 percent of those computed from the theory. This may have
been a consequence of the inability of suction to completely suppress
flow separation on the flap. Such a conclusion is supported by the pres-
sure distributions shown in figure 10 for the flap deflected 600 with
suction. The relatively constant pressures near the trailing edge and
the failure of the pressures to completely recover at the trailing edge
(for angles of attack belaw that for maximum lift) are indicative of
flow separation (ref. 7).

To determine if the slot between the flap and the wing in anyway
affected the ability of the suction to control flow separation, values

6
of flap lift increment were obtained with the slot closed by extending
the wing upper-surface skin untfl it met the flap. The lift increments
obtained with this simulated plain flap (fig. g(a)) were approximately

. the same as those with the slotted flap.
%Phe computed lift increments in figure 9 are based on a lift

effectiveness parameter da/d5 of 0.61, giving a dCL/d5 of 0.029.
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Lift duneto thrust.-
.

The increase in ~ at ~ = Oandin &
TC1 is shown in figure Il.

One method developed for predicting this lift increase from propeller
operation is given in reference 10. This method is based on lifting line
theory and is limlted to moderate thrust coefficients. The ltit increase
due to thrust determined by this method is dependent on the ratio of the
propeller dismeter to the chord of that portion of the wing immersed in
the propeller slipstream. For a wing cho~..small in comparison to the
slipstream diameter, the lift increase is proportional to the dynamic
pressure in the slipstream. As the wing chord is increased in relation
to the slipstream diameter, the lift due to the slipstream is reduced to
a limiting condition which is proportional to the slipstream velocity.
The lift due to slipstream c-ted by the methods of reference 10 for
the two limiting conditions is compared with the experimental data in
figure 12 for flaps unreflected and deflected 600. The vslued presented
in the figure are the lift increments above the plain wing value for an
angle of attack of OO.

.

For flaps unreflected, the experimentally measured lift increase
was approximately proportional to the slips.t.mamvelocity. For the wing 4
chord to slipstream di&meter of these tests, this result appears to be
in agreement with the predictions of reference 10.

.

With flaps deflected 600 (with suction), the measured lift increment
due to thrust coefficient is below the theoretical value at low thrust
coefficients. As was shown previously, this difference was primarily due
to the inability of area suction to completely eliminate flow separation
on the flap. With increasing thrust coefficient, the flap lift increment
was increased, giving closer agreement with the com~ted value. The
improved flap lift increment at the high thrust coefficients appeared to
be a result of a reduction of flow separation on the flaps as indicated
by the pressure distributions of figure 13., This reduced flow separation
is indicated by the improved pressure recoveq at the trailing edge of
the portions of the flap in the propeller slipstream at the high thrust
coefficients.

Although the slipstream enables the flap with suction to achieve
attached flow, the slipstream is not sufficiently powerful to reattach
the flow without boundary-layer control on the flap, as indicated by the
pressure distributions in figure 14.

Lift due to aileron deflection.- The use of area suction on the
ailerons enables consideration of the use of drooped ailerons to increase
lift. The extent of the lift realized from a 30° symmetrical deflection
of the ailerons is shown in figure 15. The lift increments in this fig-
ure are for am angle of attack of zero but are nearly constant up to
maximum lift and appear to be unaffectedly flap deflection (fig. lj(a))
or thrust coefficient (fig. l~(b)).
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Effect of a leading-edge flap.- With the application of boun@ry-

layer control to the trailing-edge flap, the additional load tiduced
over the forward portion of the airfofl-increases the problem of mairrtain-
ing attached flow at the leading edge at high angl.esof attack. The pres-
sure distributions in figure 10 for the m~el with suction on the deflected “
flap show that as the angle of attack was increased beyond that for msxhmm
lift, a loss in leading-edge peak pressures occurred with a redistribution
of pressures along the chord into a more or less flattened form. This *
of pressure chsmge, as well as the abrupt loss in lift following maximum
lift, is indicative of a leading-edge type of stsll (ref. 7).

This flow separation from the leading edge of an airfoil can be
delayed, as shown in reference 11, by some form of camber near the leading
edge, such as a leading-edge flap or drooped leading edge. To see if the
above reasoning regarding the limitation to msximum lift by leading-edge
flow separation was correct, the model was tested with the sinml.ated
leading-edge flap (fig. 3). The results are presented in figures 16
and 17. Apparently, leading-edge flow separation was contributing to
the stall.since the addition of the nose flap resulted in approximately
a 4° increase in the angle of attack for maximum lift. Part of the gain

. in maximum lift-shown in fi~s 16 and 17 is the result of the 8-percent
increase in wing area when the nose flap was-added.

. Longitudiml stability and control.- The effectiveness of the hori-
zontal tail for longitudinal control is shown in figure 18. The tail
effectiveness as indicatedby (dC~dit)a=40 WaS -0.06 ~dw= relative~

unaffected bythxust (fig. 18(d)).

The data in figure 18(c) indicate that the use of variable
horizontal-tail incidence for longitudinal control maybe limited at high
flap deflections and high thrust coefficients. Longitudinal control at
low angles of attack for these high flap deflections and thrust coeffi-
cients may require tail angles of attack which exceed that for maxinnnu
lift of the section. The resulting stall of the tail.causes the abrupt
change in pitching-moment curve slope at low lift coefficients shown in
figure 18(c).

The longitudinal.stability of the model as affectedly flap deflec-
tion, boundary-layer control, and thrust is shown by comparison of the
data in figures 7 and 8.

Lateral.control.- The aerodynamic characteristics of the model with
the ailerons asymmetrically deflected are shown in figure 19. The rolling
moment due to aileron deflection (from fig. 19) is shown in figure 20.
The d.1.erondeflections in this figure are the total.asymmetrical deflec-
tion measured froma sy?metricaXly drooped msition of 30°. As an indica-

4 tion of the relative effectiveness of the ailerons, the rolling nmmnt
due to aileron deflection computed by the methods of reference 1.2is
shown in figure 20 for comparison with the measured values.
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With suction (C
%

= 0.0008) the

mately equal.to the theoretical value
decreased to approximately 75 percent
coefficient of 4.0. Without suction,
55 X&rcent of the theoretical value.
to be relatively unaffected by thrust

.“

aileron effectivenesswas approxi-

at lift coefficients below 2.0 but .
of the_theoretical.value at a lift
the effectivenesswas approximately
The aileron effectiveness appeared
coefficient. —

Flap Suction Requirements

Porous opening.- An extensive investigationwas made to determine
the effect of the position and extent of the porous area on the flap lift
increment and suction quantity required for a flap deflection of 600
(ailerons deflected 30°) snda Tc’ of 1.2. The primary effect of varia-
tions in location or extent of the porous area was to alter the value of

cQcrit●

The results indicated that there was a critical location and

extent of the ~rous area to obtain the full vslue of ~crit for the
least C&rit. IX was found that for minimum CQcrft, the leading edge
of the porous area should be roughly at the chordwise location of the
pealsexternal pressure over the flap and the porous area should extend
approximately 3-percent chord downstream of the pressure peak. Progrei3-
sively moving the leading edge of the porous area downstream of the pres-
sure psak or reducing the chordwise extent of the porous area to less
than 3-percent chord aft of the pressure pesk resulted in, first, an
increase ti writ and then an inability to maintain attached flow on
the flap. In general, extending the porous area upstresm of the pressure
peak or downstream more than 3-percent chord increased C~rit but did
not increase ACLcrit. These results are in qualitative agreermnt with
other data obtained on suction flaps (refs. 2 and 4).

The location ud extent of the porous area which gave maximum lift
with lowest suction quantity were also determined for flap deflections
of l!UOsnd 70°. In general, the results were similar to those obtained
for 600 flap deflection. The location of the forward edge of the porous
area coincided roughly with the peak external pressure on the flap. The
extent of the porous area increased with flap deflection as shown in the
follcswingtable:

bf, Extent of porous
deg Openingl

40 1.5
60 3.0
70 3.8

A.
—

.

‘Percent chord measured along
surface of flap from refer-
ence point shown in figure 3.
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This variation of extent of porous opening was in qualitative agree-
ment with the results of other tests on suction flaps (e.g., ref. 2).

Suction quantity.- The suction flow requirements of the flap are
shown in figure 21 for propellers and nacelles removed and for various
values of thrust, angle of attack, and flap and aileron deflection. This
figure shows that the critical suction flow coefficient ~crit is pri-
marily a function of flap deflection independent of thrust coefficient
and angle of attack and is unaffected by aileron deflection. The results
of other tests of suction flaps (refs. 2 and 4) also showed flap deflec-
tion to be the primary variable governing the critical suction flow
coefficient.

Suction pressure.- The suction pressures in the flap duct (for the

left wing panel) required to obtain
C%rit

me presented in figure 22.

The suction pressure is a function of the external surface pressure and
the flow resistance of the material in the porous area. The peak etierti
pressures on the flap (at the leading edge of the porous srea) are included
in figure 22. The magnitude of the external-pressures was dependent on
the thrust coefficient and flap deflection, and varied with the spanwise
position on the flap. A rough estimate of the variation of peak external
pressure on the portion of the flap in the propeller slipstream with
thrust coefficient can be obtained by multiplying the pressure at zero
thrust by the ratio of the slipstream velocity to free-stream velocity
determined frcm simple mcmentum theory. This ratio is shown in fig-
ure 22(c) for comparison with the measured values. The data in figure 23
show that the external pressures on the flap were a minimum at span sta-
tions behind the propeller and increased for stations outside the slip-
stre-. Since the duct in the flap is uncompartmented, the duct pressure
must be at least equal to the minimum external pressure on the flap.

Aileron Suction Requirements

The suction requirements for the ailerons are shuwn in figure 24.
This figure shows the variation of rolling-moment coefficient with suc-
tion flow coefficient for the left aileron for asymmetrically-deflected
ailerons. The suction pressures in the left aileron duct for C%rit
are given in the following table:

%LY %RS (p&rit)L
deg deg

50 10 -4.1

60 0 -k.p
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The aileron flow requirementswere deter?mlnedwith the flaps
deflected 60* with a flap suction flow coefficient of 0.0028 and the
propellers operatingat a thrust coefficient TCr of 1.15. The data
show trends similar to that obtained on the flaps -inthat C&rit and

‘Urit increased with deflection. However, the ma~itude of cQcr t
~d Pdcrit i!for the ailerons was considerably less than the values or
the flaps. The reason for this difference is not known.

Comparison With the Arsdo System

Since the basic wing of the model used in the investigation of the
&ado type boundary-layer-controlflaps reported in reference 1 was the
same as that used with the area-suction flaps in this investigation, it
is possible to obtain a fairly reliable comparison of the relative merits
of these two types of boundary-layer control. However, in making this
comparison, it should be noted that the chords and hinge-line locations
of the two flaps are different, as is shown in the following table:

Area suction 34.7 75

Arado 25 81.4

.

.

.-

.

.

The spans of the two flaps were the same. For the Arado type boundary-
layer-control system, the inboard 73 percent of the flap span contained
a suction slot. A blowing slot extended over the remainder of the flap
and over the ailerons.

A comparison of the variation of lift coefficientwith flow coeffi-
cient for the two systems is shown in figure.25. The comparison is made
between the Arado model with propellers windmil.lingand the area-suction
flap model with propellers smd nacelles r~oved. ..~e flow coefficients_
in figure 25 are based on the wing area spanned by the flaps or ailerons.
The flow coefficients for the Arado system are for equal quantities of
air flow through the suction and blowing slots. For the area-suction
flaps, the flow coefficient for the ailerons was held constant at a value

.

of Q/S’Vm = 0.CX123m The data in figure 25 show that the suction quantities
required for a given lift increment were considerably greater for the ‘
Arado type boundary-layer-controlsystem than for the area-suction flaps
and ailerons. To obtain a lift coefficient of 2.O (aPPrOxi~telY writ)
with the area-suction flaps required a combined flow coefficient as
definedby Q/S’Vm of 0.003. For the aile~ns, Q/S’Vm was assumed
equal to 0.001. For the Arailosystem, the flow coefficient required to
obtain a lift coefficient of 2.0 was almost five times the conibinedvalue
for the area-suction flaps and ailerons. With large flow quantities, the
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.
lift increments obtained with the Arado boundary-layer-control system
are larger thsn for the area-suction flaps, primarily as a result of the
lift contributed by the blowing ~rtions of the Arado flaps and ailerons.
The spanwise variations of normal-force coefficient for the two systems
are can-paredin figure 26. For the Arado system, the normal-force coef-
ficient in the region of the ailerons with a blowing slot is greater than
the inboard flap portion of the wing with a suction slot. For the wing
with area-suction flaps and ailerons, the lift protided by the ailerons
is a smsller part of the total wing lift.

The msximum lift coefficient for both wings was approximately 2.8
and appeared to be l~ted by flow separation from the wing leading edge.

CONCLUSIONS

The following conclusions are drawn from the results of’the tivesti-
gation reported herein.

1. The propeller slipstream had no effect on the suction flow
requirements but the suction pressure required increased with thrust
coefficient approximately in proportion to the slipst~sm velocity.

2. The lift increment producedby the propeller slipstream increased
approximately in proportion to the slipstream velocity.

3. With the propellers and nacelles removed, lift increments due to
flap deflection with suction were obtained thd were approximately 75 per-
cent of values predicted from linear theory. The inability to attain the
theoretically predicted flap lift increments was primarily due to the
inadequacy of suction applied at the leading edge of the flaps in con-
trolling flaw separation at the trailing edge.

4. The suction flaw quantities for a given flap lift increment for
the area-suction flap were approximately 25 percent of the flaw quantities
required for a combination slot suction and blowing (Arado) system. With
large flow quantities, lift increments could be obtained with the Arado
system that were larger than what could be obtained with the area-suction
flaps.

edge
as a

Ames

5. With the application of boundary-l~r controlto the trailing-
flaps and ailerons, maximum lift appeared to be limited primarily
result of flow separation from the wing leading edge.

Aeronautical Laboratory
National Advisory Committee for Aeronautics

hffett Field, Cslif., July 2, 1958
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TABLE I.- GENERKG GEOMETRIC DIMENSIONS CE?THE MODEL

Dimension wing Horizontal Vertical
surface surface

Area, sq ft 205.4 56.5 30.6

span, ft 45.W 16.03 7.319

Mean aerodynamic chord, ft 4.73 3~50 4.68

Aspect ratio 9.86 4.55 1.69

Taper ratio O*X 0.45 0.55

Geometric twist, deg 4.8° 0 0
(washout)

Dihedrsl from reference 0.8 0 ---
plane, deg

Incidence from reference 8.3 --- ---

plane, deg

Section profile (constant) NACA 23017 NACA C012 NACA 0012

Root chord, ft 6.07 4.61 5.88

Tip ChOrd,ft 3.06 2-54 2.65
Sweep of leading edge, deg 2 32 24

Tail length, ft --- 18.01 ---

. ..;
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(a) ~aCe~eS and ProP=~ers on.
A-22323

Figure 1.- The model with flaps and ailerons deflected.
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Figure 2.- Geometry of the model.
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Figure 4.- Air-flow resistance characteristics of the Prow material.
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used in the flaps and ailerons.
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Figure 5.- PrqAJ.er-blade form curves. ti
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Figure 6.- Thrust characteristics.
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Fi@me 7.- Effect of thrust
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coefficient on the aerodymmic characteristics of the model.
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I



.

4.8

1+.o

3.2

%

2.)J

1.6

.8

0
0 .4 .8 1.2 56 .12 .8 .4 0 -.4

CD ~ o 8 16 cm

a

(e) 8f z 60°; Ba = OO; C
~=~a=o;~=”jo

Figure 7.- (hnthued.

I
I

w
o



—

I

5.6

4.8

4.0

3.2

%

2.lJ

1.6

.8
0 04 .8 1.2 ~15 Z;O .8 .4 0 -.4

CD 1 8 16 24 %1
a

(f) bf= 60°; ba= OO; Cq= o.@30; c~= 0; %= -3°

IN.* 7.- continued.

.-



5’.2

4.4

3.6

k

2.8

2.0

1.2

.4

u

(d bf ‘m”; ba” 30°; c~=qq= o; it= -3”
g

Fip 7.- continued.
=

* R ‘t a
,, ,1 I I



.-
“s, . , 4 t

6.0

5.2

4.4

3.6

%

2.8

2*O

1.2
0 .4 .8 192 I.G .8 .4 0 -.4

CD v 4 0 8 16 24 cm
a

(h) i3f= 60°; aa = 30°; C% = 0.0033; c% = 0.0016; it = -3°

FiEUX@ 7.- tin-kinued.

wIA



-. .

6.4
Tcl

o 0.15
* A

5.6 A 1.15 a

b 2.15 /
/

4.8 M

\

A / @
A

/

/
A

4.0 — ‘ — — — ~
/
— — — — — L — — — — — —

&
A

/ T

A m

3.2 M ? .! A #

[
n / n

2.4 1 ‘ /
/

1 i !

I

A

,“

1.6
0 .4 .8 1.2 36 ~o 8 16 ●8 ●4 ~ o -“4

CD f 24 m
a

(i) C+ = 60°; 6a = 30°; C% = 0.0027; C% = 0.0007; it - 3°

Figure 7.- Continued.

I . , I

‘1 II ,,
,



6.4

5’.6

4.8

4.0

CL

3.2

2.4

1.6
1.6 2.0 .4 0
-8 0 8 16 24 % ‘“4 ‘“8

a

30°; c% = 0.cu!28;C
%

= 0.0007; tail off

Figure 7.- Continued.



6.4

5.6

4.8

4.0

3.2

2A

1.6

0 .b .8 1.2 1.6 y 2.4
CD J o

a

(k) ~= 70°; ba= 30°; C~ = 0.0028; C% = 0.0007; (s/c)f =
it = .30

Figure ~.- Concluded.

.8 .4C0
8 16 4“

m

+.~ to 0.03, (B/c)a= O b 0.03;

. . 1



* ,

3.2

2.4

1.6

%

.8

0

-.8

I * 9 4

o .4 .8 .8 .4 0
cD -16 -8 0 8 16 ‘% ‘“’”

a

(a) % = OO; C% = C% = o; it = -3”

Figure 8.- Aerodynamic characteristics of the model with nacelles and propelJ.erB off.



3.2

2.11

1.6

%

.8

0

-. 8
o .4 .8

cD -16

(b)

.8 .4 .G o -.4
-8 ‘o 8 16

a m

Ba = OO; C% = o; it = -3°

Figure 8.- Continued.

. .
,

IJ



I u r

3.2

2.4.

1.6

%
c

.8– –
()

-.R.-
0 .4 .8

cD -16 -8 0

a

.8 .4 0 -*4
8 16 %

(c) 8a = 30°; c%= c%= o; it = -3°

Figure 8.- continued.



--

3.2

~f 1 C*
deg w

o /_ . — —

.8-
L

❑ 40 0.002 3— — —
0 50 .0024()
.60 .0030 /7

)“
o t

c d

-.8 .8 .4 0
0 .4 -B -16 ~

CD o 8 16 Om ‘“4
a

(d) 5a = 30°; c% = o“~7; it = -3°

Figure 8.- Continued.

,
I

, #
;] , I

,,
, .



4.

3.

2.

1.

%

●

-.

, #

A h.

.4 .0 -8 0 8 16 .4 0
CJJ a % ‘*4

(e) ba = OO; C% = C% = O; it = -3°; plain flap

Figure 8.- Concluded.



-.

2.0

L(

1.2

A%

.8

o

Suotion Flap

o off Slotted

off Pl&l

:On Rlotted

Aon Plan

— — Theory

o 10 20 30 40

5f, deg

(a) Naeel.les smd propellers off<

F
///

60

4=
to

.

Figure 9.- Comparison of the Iifi incremnt due b flap deflec~ion with theory; q = OO; 8a = OO; !i3

c% = C%ri-t; cQa = ‘; ‘t = ‘3 “
~

3

, , t I . ,



,

2.0

1.2

A%

.8

.4

a

Suction Flap

off i3Lo+ted

:h Slotted

N off Slotked
(Propellers off)

— — Theory

o 10

(b)

# I

Nacelles and propellers on; Tc? = O.

FQure 9.- Concluded.

.50 &3 70

t)

—



NACA ~ 4365

-1(

-t

P

-4

,C

o-8
0 0

ri 9
a 10
0 IL

F

I

>

I
I I I [ I I I I

b

o .2 .4 .6 .8 1.0
x/c

(a) The o.150-semispsllstation.

Figure 10.- Effect of angle of attack on the chordwise distribution of
pressures on the left wing; bf = 60°; ba = 30°; CQf = 0.0033;

c%.
= 0.0016; it = -3°; TC’ = 0.15.

.

.



45

.

.

-20

-16

-I-2

-8

P

-4

T

o

4

0 .2

Q, deg

o -8
0 0
❑ 9
n 10
Q IL

—

.8.4 .6

x/c

(b) The 0.186-semispan station.

Figure 10.- Continued.

.1.0



46 NACA TN 4365

-16

-12

I

1

-8

P

-4(

0<

4

19 I I ) I
I I

1 I

)

0 .2 .4 .6 .8 1.0
x~c

(c) The o.343-sanispazl station.

Figure 10.- Continued.

.

.



NACA TN 4365

.

●

-20

-16 ‘

OIL

-12 -

-8 —

4

0 .2

(d)

.4 .6

x/c

The 0.454-semispan station.

Figure 10.- Continued.

.8 1.0



P

-16

-12

8

-8

1

I

4 I

I

I
I
)

o

au,deg

o -8
0 0

.
.2 .4 ,6 .8

x/c

(e) The 0.583-semispan station.

Figure 10.- Continued.

.

.

—

.

.



3 mm m 4365 49

.

.

-20
*

.

-16

-12

-%

P

-h

o

4

1

0 .2 .4 .6 .8 1.0
Xjc

(fj The 0.7Y2-semispan d23tit3~.

Figure 10.- Concluded.



50 NACA TN 4365

6

5’

3
c&

2

1

0

4

3

1

0

0 .4 .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

Tcf

(EL)&

> ‘
/~

o

0 04 .f3 1.2 106 2.0 2.4 2.8 3.2 3.6
TC*

(b) C*=O

Figure U. - Effect of thrust on %and~ at ~= OO; ba=OO.

.

.

.

.



NACA TN

A%

436P

1.2

.8

Theory <L = f(qJ
/ R

.4 ~
/ H

/

/ / —
,/ c- ‘4 x~= f(v,)

o-
0 A .8 1.2 I..6 2.0 2.4

ACL

51

Tc~

(a) bf =OO; C%=O; ~= 0.63

I Theory

lW ‘1 I I

OJ I I I I I

o .4 .8 1.2 1.6 2.0 2.4

TC?

(b) bf = 60°; C% = 0.0028; ~ = 3.20

Figure 12.- Comparison of the lift increase due to thrust with the
theory of referencelO;~a = OO; ~ = OO.



NACA TN 4365

-20

-16

-12

P

-8

-4

0

I

4(

8
0 .2 .4 .6 .8

x~c

(a) The o.186-semispJl station.

Figure 13, - Effect of thrust on the chordwise distribution
coefficient on the le~t wing; :f = 60°; ba = 30°; C% =
c~ =o.oo16; it =-3;%= O.

1.0

of pressure
000033;

.

.

.

.



NACA TN 4365

*

.

-20

-16

-I-2

-8

P

o

4

R

“o .2 .4 .6 .8 1.0

x/c

Figure 13.- Continued.

(-b)The O.jlj-semispan station.



5k NACA TN 436!5

-20
Tcl

❑
● 75

-16 0 1.1!5
A 1.5.5
~ 2.15

-12

P

o

4

80“
.2 .4 .6 .8 1.0

x/c

(.) The 0.454-sanispan station.

Figure 13. - Continued. .

.



NACA ~ 4365 55

TC4

o 0.15
c1 975

Q 1.15

A l.~~

k 2.15

k.

.2 .4 .6 .8 1.0
x~c

(d) The 0.583-setispan station.

Figure 13.- Concluded.



-24

-20

-16

P

-12

-8

-4

0

4

0 0.15
0 1.15
~ 2.15

.

0 .2 .4 .6

x/c

(a) The o.186-semispan station.

Figure 14.- Effect of thrust on the chordwise distribution
coeffic~ent on t% left wi-~; bf = 600; ~a = 300; CQf =
it = -3;%=09

.1.0

of pressure

c%
= o;

.

.



.

.

.

.

NACA

-4

-20

-16

-12

P

-8

-4

0

4

o .2 .4 .6

x/o

(b) The 0.34-3 %Emispan station.

Fi$ure 14.- Continued.

.8 Lo

57



58

P

NACA

-24 ,.

-20

TCt

-16
0 ocl~
o 1.15
& 2.15

-12

-8

k

— — — — —

()
v— — -

0

w

b b “ ~

0 .2 .4 96- .8 1.0

x~c

(c) The 0.454-semispan station.

Figure 14.- Continued.

TN 4365

.

—



NACA

*

.

m 4365

-24

.

-20

-16

-12

P

-8’

El

o

4

0 .2 .4 .6 .8 1.0
x/c

(d) The 0.583-semispan staticm,

Fi~re 14. - Concluded.



NACA TN 4365

.8

.6

.4
ACLa

.2

0

0

.4

ACL
a

.2

c

cQa

c1

El .0007

+

10 20

I

40
6fs d%

(a) Fmpeller~ and nacelles off,

60 70

0 .8 1.2
Tcl

(b) bf = 60°

1.6 2.0 2.4 2.8

Figure 15.- The lift-coefficient increment due to ~0° aileron deflection;
oiJ= OO.

m

.

.

.

●

✎



. . . 4 ●

6.8

6.0

5.2

L.4

‘%

3.6

2.8

2.0

Figure 16.- Aerdynemic characteristics of the model with a simulated. leading-edge flap;

r2&=o.occJ7; i~= -3”.

~f s 60°;

Ela= ‘30°j C% = 0.c028;



NACA

20

16

a%lax’deg
12

8
0

,

(

.

1

.8 1.2
Tcl

1.6 2.0 2.4

0 Normal leadingedge

U SWated leading-edgeflap

.8 1.2

Tcl

1.6 2.0 2.4

Figure 17. - Effect of a simulated leading-edge flap on ~ and
af = 60°; Sa = 300; c% = 000033; cQa= 000007; it = ‘3°.

m

.



* .

6.0

5.2

4.4

CL

3.6

2.8

2.0

1.2
*4 o

% ‘“4

(a) TC1 =0.15

Figure 18.- Effect of tail

4 .

.4 0

U“h “8

‘(c)Tc’ =2.1

incidence on the pitching-moment characteristics Of the model;

‘!4

+ . 600; ba . 30°; cQf = 0.@33; C%= O.W.

E



-.12

+18

()2= -.@

o
c1

.

.)-l .8 1.2 1.6

Tcl

(d) ($$a
Figure 18.- CoTLChki

2.0 2.4



5

4

3

cL

2 ‘

1

0

4

-. 2 0 .1

‘“1 % -.04 -.02 ~ o

n

(a) Tc’ = 0.15

Figure 19.- Lat.erd sad directional characteristics

5f = 60°; C% = o.c@8;

-.04

—+ q
Q’

o .04 .08 .12

.02 cl

of the @l with ailerons deflected;

it = -30.



m
(n

5

4

3

‘%

2

1

0

I I

0.0008 O.moq

-. 2 -.10 .1 -.o,!.l o .O11 .08 .12

‘% -.04 -.02 0 .02

%
%

(b) ‘rC’= 1.15

Figure 19. - con~wdo

. ,



, “

.

.4-

m’mlm’y
?Il

.12

.10

,08

.06

.@

.02

0
0 20 I+o 1$0 80

Ma

(a) T~’ =

Figure 20. - Comparison of

O*I5

aileron effecti~neas

c%
- 0.cKx38; C

%“

#

.U

J-2

.10

.00

.06

.0)4

.02

c

+

o 20 40 @ ~
A6a

(b)TC’ =1.15

with theo ; bf = 600; Qf = 0.0W7;
TO;it =-s.



RACA TN 4365

2.8

2.L

2.0

CL

1.6

1.2

.8

.4

0

CQcrit

o ,001 ,002 .003 .004 .005

cQf

(a,)Effect of flap dei?lec~ion; nacelles o~f; C!% = O, ~ = OO.

Figure 21.- Suction flow requirements_for the flap; it = -3°.



9

.

w

.

4.4

4.0

3.6

3.2

<

2.8

I

2.4

2.0

(

1.6

1.2

%crit

i

. --

I

TCI

0 0.15

El 1.15

0 2.15

0 .001 ●002

%

.003

(b) Effect of thrust; bf= 600; 5a= 30°; C%

Figure 21.- Continued.

.004 .00.5

= 0.0013; ~= OO.



NACA TN 436570

4A

4.0

3.6

3.2

CL

2.8

2.4

2.0

1.6

1.2

+

TCI6f> 6a3 C% %3
deg deg deg

o 60 30 0.0007 0 Propellersoff !

❑ 60 30 .0013 0 0.15

o .001 .002

(c) Effect of an@e of

Figure

.003 .004
mf

attack and aileron

210- Concluded.

.005 . OQ6

deflection.

w-

.

i-

.



NACA T.N4365 71

-E!

-8

P

-4

0

r I I I I I I 1

A ‘duct
.A---

1 \

0 10 20” 30 40 so 60 70
5f, deg

(a) Propellers snd nacdles off.

-20

Spanwise Station$
fraction of semlspau

-16, 0 0.150

D .186
‘duct

A ●343
-12

L .454 / ‘
P

/

b .5’83
/

-8

-4

0
0 10 20 30 40 50 EC) 70

5f, deg

(b) Propellers and nacelles on; TC’ = 1.15.

Figure 22.- Flap duct and external surface pressures at %fcrit;
b~= 300; c%= o.0cm7, q= OO.



72 NACA TN 4365

-3{

-32

-2t

-24

-2C

P

-16

-12

-8

-4

Spamise station,
fraction of semispan

o 0.1-50

El

A

IA

b

.186

.343

.454

.s83

+

/-’? “TA:= ‘P’c’=o~)

o
0 .4 .8 1.2

(c) bf

Figure 22.-

1.6 2.0 2.4 2.8
.Tcl

= 60°

Concluded. 8



OH

s

NACA TN 4365 73

-2h

.

-20

.

-16

-X2

P

=8

-4

0
-1,

Figure 23.-
6f = 60~;

.8 .4

Fraction of semispan

.6 .2 0

..

E@mwise variation of minimum pressures on the left flap;

6a = 300; Cqf = 0.0015; c% = 0.0007; it = -30; ~ = 00.”

.

.

-.



74 NACA TN 4365

.08

CT %rit

~a~ %R9
deg deg

o $0 10

❑ ao

o
0 .0004 .OCm ‘ .oo12 .0016 .0020 .0024

c~L

(a) w = 7°

.10
cQ~t

.02

(1
-o ,0004 .0008 ●0012 .0016 .0020 .00214

%q

(b) ~ = 00
.
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Wth the Arado type boundary-l~r-control system of reference 1; ~ = no; Oa = 30°; ~ . OO. ~
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